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OBJECTIVE :  1)  To  investigate  the  effect  of  energy  spread,  emittance, 

laser  pulse  shape  and  misalignment  on  x-rays  generated  by  Thomson 
backscattering  using  lasers  as  undulators,  and  their  applications.  2) 

To  address  compact  FEL  issues . 

APPROACH :  1)  Formulate  Thomson,  also  known  as  Compton,  backscattered 

radiation  for  an  electron  beam  with  energy  spread  and  finite  emittance, 
laser  undulator  of  arbitrary  pulse  shape  and  misalignment .  This 
formulation  is  to  be  in^lemented  on  the  con5)uter.  The  conputer  code 
will  be  applied  to  a  variety  of  experimental  configurations  including 
Vanderbilt  and  Duke  FEL  parameters.  We  will  also  evaluate  other 
configurations  and  medical  applications.  2)  For  FELs  to  become  a  widely 
utilized  laser  source,  they  must  become  more  conpact,  less  expensive, 
and  more  user  friendly.  Bach  design  will  be  strongly  dependent  on  the 
application.  Some  common  threads  are:  reducing  the  beam  energy,  and 
reducing  the  undulator  period - 

ACCOMPLISHMENTS;  (last  6  months):  We  have  formulated  the  Thomson 
backscattered  radiation  for  an  electron  beam  with  energy  spread  and 
finite  emittance,  misalignment  and  laser  undulator  of  arbitrary  pulse 
shape  (see  enclosure  1)  .  We  have  analyzed  the  radiation  on  axis  for  an 
idealized  step  function  radiation  pulse  shape  with  energy  spread  and 
emittance.  This  simplified  analysis  is  applied  to  exairples  where  the 
undulator  is  a  state-of-the-art  conventional  laser  (enclosure  2) . 

SIGNIFICANCE:  The  development  of  a  cortpact,  tunable,  near  monochromatic 

hard  x-ray  source  would  have  profound  and  wide  ranging  applications  in  a 
number  of  areas,  such  as  x-ray  diagnostics,  medical  imaging,  microscopy, 
nuclear  resonance  absorption,  solid-state  physics  and  material  sciences. 
Using  the  "K-edge"  effect  of  atoms,  the  near  monochromatic  x-rays  can 
significantly  enhance  the  imaging  ability  of  low  concentrations  of  trace 
elements  in  the  human  body  by  digital  differencing  the  data  obtained  at 
two  appropriate  wavelengths.  This  can  be  applied  to  various  cancer 
detections  and  digital  differential  angiography. 


The  potential  of  FELs  can  only  be  fully  achieved  when  FELs  in  medicine 
can  be  used  widely  by  physicians  in  hospitals  and  scientists  in 
universities  or  research  institutes.  Thus,  we  address  the  issues 
related  to  compactness,  cost  and  user  interface. 
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WORK  PLAN  (next  18  months) :  The  formulation  of  Thomson  backscattering 
with  arbitrary  laser  pulse  shape,  misalignment  of  beams  and  electron 
beams  with  finite  energy  spread  and  emittance  will  be  implemented.  We 
will  evaluate  the  x-rays  from  proposed  Vanderbilt  Compton  backscattering 
experiments  for  various  electron  beam  energies.  The  characteristics  of 
the  Mark  III  electron  beam,  as  well  as  the  laser  undulator  pulse  (the 
FEL  pulse  in  this  case),  vary  as  electron  beam  energy  changes.  The 
Vanderbilt  FEL  can  produce  x-rays  up  to  energy  about  20  keV.  X-rays  of 
30  KeV  range  have  important  applications  in  angiography.  We  will  also 
apply  this  concept  to  electron  beams  from  accelerators  utilizing 
conventional  lasers  as  an  undulator  to  reach  this  regime. 

Packaging  of  FELs  for  a  few  intended  specific  applications  will  be 
addressed.  For  medical  applications,  tunable  wavelength  in  the  1-3 
micrometer  regime  is  of  particular  interest  because  there  is  currently 
an  overlap  of  high  transmission  of  optical  fiber  and  water  absorption 
lines.  Laser  energy  up  to  1  J/microsecond  would  be  of  interest.  We 
will  examine  many  of  the  issues  effecting  FEL  design,  such  as  beam 
quality,  cathode,  accelerator,  undulator,  etc. 
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Enclosure  (1) 


I.  Formulation 


We  are  interested  in  calculating  the  Thomson  radiation  pattern,  spectrum  and  inten¬ 
sity  associated  with  a  laser  pulse  propagating  into  an  electron  beam  with  finite  emittance 
and  energy  spread  going  in  the  opposite  direction. 

The  laser  pulse  is  assumed  to  be  linearly  polarized  with  frequency  iioi,.  The  laser  pulse 
can  be  separated  into  fast  and  slow  components, 


A(r/,r)  =  A{T),r)  sin{T])e^, 


(1) 


where  =  kx,  -  r  +  uiit,  |kr,|  =  The  pulse  shape  >1(77, r)  and  k£,(T7,r)  are  slowly 

varying  functions  and  sin(77)  is  a  fast  oscillating  component. 

The  energy  radiated/  unit  solid  angle/  unit  frequency  per  electron  is 


dujdil  47r^c  j-ao 


2 


n  X  (n  X  /?)exp  —  n  •  r/c)j 


(2) 


For  a  distribution  of  electrons  with  finite  emittance  and  energy  spread,  the  expression 
becomes 
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d<[n  X  (n  X  exp  —  n  •  f/c)] 


(3) 


where  is  the  distribution  function  of  electrons  in  phase  space  at  position  Xq 

and  0^  at  initial  time  t  —  to,  N  ~  f^^d^xo  is  the  total  number  of 

electrons,  ^  =  v f  c,  v  is  the  velocity,  ^  is  a  vector  and  the  symbol  above  the  variables 
denotes  function  of  {xo,id^,t). 

A  convenient  geometric  system  uses  Cartesian  coordinates  for  the  velocity  and  position 
of  the  electrons  and  spherical  coordinates  for  the  Thomson  backscattering  radiation. 


nx(nxy3)  =  —  (/?j,  cos  9  cos  (f>  +  ffy  cos  9  sin  (f>  ~  sin  9)e0 
+  {0x  sin  4>  -  fiy  cos 


(4) 


and 


n  f  =  X  sin  9  cos  <t>  +  y  sin  9  sin  <j>  z  cos  9, 


(5) 
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where  •  e^,  x  =  f  ■  Cr,  and  similarly  for  the  y  and  z-components. 

We  separate  the  two  components  of  the  radiation 

d^I  _  d^Ie  d^I^ 

du}dn  divdfl  duidfl  ’ 


(6) 


and  perform  the  calculation  in  the  variable  77,  where 
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drj  -^sin<p  —  —  cos  <p 
[arj  or] 


exp  [irjr] 


rj}  =  — 77  —  —  (i  sin  ^  cos  (j>  +  y  sin  9  sin  (j>  +  z{l  +  cos  ^)), 


(8) 

(9) 


and 

dr 

cfidi  =  sr-dr). 
drj 

Starting  at  this  point,  the  symbol  on  top  of  the  variables  denotes  function  of  (xo,^jj,77). 
We  assume  that  the  observation  point  is  sufficiently  far  away  that  all  the  electrons  can  be 
considered  to  have  the  same  {9,4>). 

For  electron  with  only  axial  velocity,  the  electron  has  two  constants  of  motion  in  the 
1-D  limit  In  the  following,  we  assume  that  the  electron  transverse  motion  is  small,  i.e., 
{010+ 0lo)  <<  laser  intensity  not  exceedingly  large,  i.e.,  a  <<  2jo/0xo,  and  fcx  Ar  <<  1, 
where  Ar  is  the  radius  of  the  electron  oscillation  in  the  transverse  direction  driven  by  the 
laser.  The  particle  motions  are 


dx 

dr] 
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{^l/c) 

dy 


-  airi.T)  . 

0to  sin  77  , 

(10a) 
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(lOfc) 

3 


and 


di 


dn  {<^l/c)  [ 


( - 1  +  cos(2t7))  +  /3^o  — ^--  sin(77) 


7o 


(10c) 


where  /3zo  =  (1  -  To  "  -  is  the  initial  axial  velocity,  =  (1  -  (1  +  + 

0yo))/ ^7o  (  i-  ~^/dzO  )  ))/2,  0x0  —  /?i!o/(l  +  /3zo)»  0yO  =  ^yO  /  (I  +/3z0  ),  ®(r/,  c)  =  0(77,  r)/(l  +  ) 

and  a{rj,r)  =  {e/moc^)A[r],r).  We  assumed  that  an  individual  electron  does  not  see  the 
transverse  variation  of  the  laser  field.  Their  locations  are 


X  =  Xo  + 


fa,' 0Mil] 
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0yo  {y  -  T/o), 


and 


z  =  Zq  + 


1^1  iv  -  Vo)  +  0x0  j  dv  ^  ^  sin(T7') 

where  rjo  =  +  zq/c). 

The  phase  can  be  rewritten  as 

=  -00  ^ - 1^1  _  (/3j(>sindcos0  +  0yQ  sin^sin^  +  0-^{\  -f  cos0))]  {rf  —  770) 

^  Li 
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where 
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(12) 


00  —  ■0(xo,^  ,  770)  —  -Vo—  (lo  sin  0  cos  0  +  T/o  sin  0  sin  0  4- 2o(l  +  cos  . 

The  9  and  0  components  of  the  radiation  are  now 
d^Ie  e^ui^c^  I 


J  drj  ^0toCos9cos4>  +  0yocos9sm<f?  ~  ^01  -  sm9^  (13) 
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/oo  ^OO 

d^xo  /  d^/3o  /(xo,^^) 
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f°°  [  -  .  -  ^  ^ 

I  dtj  (/3j.o  sin  0  —  y9yo  cos  0) - s\n<f)s\nr}  exp  [i^] 

J —  oo  To 

At  this  point  we  will  convert  the  smooth  laser  pulse  shape  into  a  stepwise  continuous 
function.  The  laser  pulse  seen  by  an  electron  with  initial  condition  (xo,/3^)  is  denoted  by 


a(77,r)  ~  ^a(77j)sin(77)  h{Tj  -  T/j_i)e*, 


where 


h{Tl  -  Vi-i) 


for  77j_i  <T]  <TJj 

otherwise. 


The  phase  can  be  integrated  giving 


-  V'OJ  +  doinj)^  +  dx(T}j)cosTj  +  d:,(Tjj)  sin(27j) 


for  7/y_i  <  Tj  <  T)j,  where 

MVj)  =  —  {l  +  - 


{0x0  cos<f)  +  0yo  sin  0)  sin  ^  -  i0i  -  )  (1  +  cos^)| 

4To 


^iVi) 
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8to 


V’o.i  =V’o  -  [do(T7jhj-i  +  <^x(^j)cos77j_i  +  dz{Tij)sm{2r]j^i)] 

j-i 

+  X/  “  ^*-i)  +  ^TinXcos  Tji  -  cos77,_j)  +  d^(77i)(sin{2T;i)  -  sin(277i_i)]  . 

i-l 

Applying  the  stepwise  continuous  radiation  pulse  shape,  it  becomes 

j  _  _  2 

X  X!  po.eC^^O/oC^i)  -  (cos^cos(?i  +  sin^)  -  Ix{T}j)s\n9 

^  L  "yo  4to 
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To 
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where 


I  - 

MVj)  =  /  f^^'exp[tV’(xo,^p,77')], 

dvj-i 

n> 

=  /  'iJ7'sinT;'exp[tV’(xo,^p,77')], 

Jvj-i 

P’  ,  , 

=  /  ‘^^'cos(277')exp{t^(xo,^p,r/')j, 

Jvj-i 


(19a) 

(196) 

(19c) 


goAVj)  =  {0xocos<f>  +  (3yosm(f))cos9  -  I  (3i 


(■’■-Sf)- 


sin 


and 


90f<p  —  0x0  sin  (f)  0yQ  cos 

Now,  we  will  integrate  over  tj  by  expending  the  exponentials  of  sinr;  and  cost;  into 


Bessel  functions 


exp  [t<ii(i7^)sin2T/I  =  ^  Jm(rfi(p^))exp  [i2mp], 


(20) 


m=  —  oo 


exp  [idx(^i) COST/]  =  J„(d*(7/^))exp[m(7r/2  +  7/)]  =  ^  i'*7„((f^(T/y )) exp  [mT/j. 

n=  — oo  n=— oo 

(21) 

Substitute  Eqs.  (20)  and  (21)  into  Eqs.  (19a)-(19c),  we  obtain 

lo  =  2e‘^"  ^m(d^(»7>))X]  *V/(dx(7ji))P^,m(77i), 


/j  =  -e’^"  ^  J,„(d*(7/j))^i^[J/_i(d^(T/_,))  +  J/+i(4(p^))|p/,,„(t/^), 


(22a) 

(226) 


h  =  -e"^"  5^  ^m(d^(T/j))  X]  *V«-2(‘^*(^i))  +  •/«+2(<i*(T/i))]p/,m(T7j),  (22c) 


Pi,  An) 


((2m  +  <  +  <in)T?>]  _  t[(2Tn  +  /+(i„)i7j 


2z(2Tn  +  £  4-  do ) 

Now,  we  can  evaluate  various  examples  based  on  this  formulation. 


.  (22d) 
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II.  Fundamental  and  Harmonics 


The  emission  on  axis  is  peaked  at  the  fundamental  and  harmonics  frequencies,  which 
is  embedded  in  the  expression  for  pt^rn-  The  expression  for  p^  rn  can  be  rewritten  as 

ns  (n  \  —  J\(2m+e+d„(vi))(T]i+r,,  -i)/2|  X 

^  X 

where  x  —  (2”^  +  (■  +  do){ATjj/2)  and  A-rjj  =  rjj  —  qj-i-  Since  pt  rn  is  peaked  around  x  =  0- 
For  an  electron  beam  propagating  on  axis  with  =  0  and  (3yQ  =  0,  the  frequencies  of 
the  peak  intensity  on  axis  radiated  by  electron  at  rjj  are 


=  h- 


47o" 


:<^L, 


(23) 


1  -  (A  -  (aV47o))(l  +  -'^s5)|e=o  1  +  a^(^i)/2 

where  h  =  — 2Tn  —  £  is  the  harmonic  number  and  o.{rjj)  =  (1  +  /3zo)d{rij). 

The  expressions  for  lo,  Ix  and  written  in  terms  of  the  harmonic  number  become 


/i=l  m 


I,  =  -e'*’  i‘^PH(Vi)Y,{-irJ,.(d,{r,j))[J^+2r.-,(dAm))  +  A+im+.(<i.(’)i))l  (246) 

k=l  m 


Iz  =  -e"^"Y^i''ph{r]j)'^{-l)"^Jm{dz{r}j))[Jh+2m-2{dx{rjj))  +  Jh+2m+2{dx{Vj))],  (24c) 

h,=  1  m 


2  Xh{AT]j) 


where  Xh  =  {do  -  h){ATjj/2). 


(24d) 
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